Recent research advances have been gradually revealing that oligodendrocyte precursor cells (OPC) have more diverse and crucial roles in the brain than previously recognized, actively participating in the control of brain homeostasis. OPC are uniformly distributed in both gray and white matter, showing robust proliferative and migratory potential with constant surveillance capacity in the adult brain. In addition to the well-known role of a reservoir for mature oligodendrocytes, which form myelin sheaths and promote saltatory nerve conduction, OPC have been shown to regulate neuronal, glial and vascular systems in a direct and reciprocal fashion. Although
Introduction
Oligodendrocyte precursor cells (OPC) are uniformly distributed throughout the adult rodent brain and spinal cord, accounting for approximately 5% of total central nervous system (CNS) cells. 1 Adult rodent OPC continue to divide, and some of them differentiate into myelinating oligodendrocytes (OL). 2 It is well known that myelin insulates axons, enhances the speed of electrical communication among neurons, strengthens or synchronizes specific connections and contributes to the proper functioning of the CNS. Recent studies also reported that newly generated OL and myelin are required for motor skill learning. 3, 4 However, a large fraction of OPC do not differentiate into myelinating OL, and remain in a cycling state throughout adulthood. The fate mapping studies show that although most of Olig2 (+) or platelet-derived growth factor receptor (PDGFR)-a (+) OPC in the white matter generate mature OL, the majority of them in the gray matter remain in an immature state, even after injury. 5, 6 Such undifferentiated OPC might have important functions beyond myelination. Indeed, loss of OPC in the prefrontal cortex has been shown to alter glutamatergic signaling and promote depressive-like behavior without apparent demyelination in mice. 7 OPC are not homogenous, but heterogeneous, and might have a variety of phenotypes like other glial cells (i.e. microglia and astrocytes), exerting multifaceted roles under normal and pathological conditions. 8 Differences in the properties of OPC in gray and white matter have been reported in various aspects. In terms of electrophysiological properties, white matter OPC have smaller capacitance, greater membrane resistance and more depolarized resting membrane potential than gray matter OPC. 9 In view of cell cycling, white matter OPC have a shorter cell division cycle (approximately 10 days in the corpus callosum at P60) compared with gray matter OPC (approximately 36 days in the motor cortex at P60). 2 In addition, white matter OPC have a greater proliferative response to PDGF AA than gray matter OPC without significant difference in the expression of PDGFR-a at the perinatal stage. 10 In addition to the regional difference between white matter and gray matter, there are at least two subtypes of OPC (i.e. "perivascular" and "parenchymal" OPC), which can be classified by the spatial relation to the brain's microvasculature. "Perivascular" OPC are wrapping the microvessels with their fine processes, and could regulate vascular function directly, whereas "parenchymal" OPC are localized away from the microvessels. 11, 12 Besides proximity with the vascular cells, OPC are located closely to neuronal and glial cells, so that OPC could integrate dynamic interactions with neuronal, glial and vascular cells in the brain, as well as reciprocal crosstalk between the brain-systemic circulation (Fig. 1) . [11] [12] [13] In the present mini-review, I
will try to overview the novel roles of OPC in the developing and damaged brain, mainly focusing on the interactions between OPC and vascular/neuronal cells.
Roles of OPC in the developing brain
First, I will introduce the behavior of OPC (i.e. generation, proliferation, migration and differentiation/ myelination), and their relationship to other cell types during the developmental stage.
OPC generation
During development, oligodendrocyte (OL) lineage cells are in part generated from neural stem cells present in the ventricular zone (VZ) and derived from neuroepithelial cells. 14, 15 After specification to OL lineage cells, OPC migrate a long distance and settle in the entire brain, some of which differentiate into mature OL mainly in the white matter. 14, 15 The fate mapping study showed that OPC in the forebrain are generated in three different regions with different timing. 16 The first wave of OPC originate in the Nkx2.1(+) medial ganglionic eminence (MGE) and anterior entopeduncular area in the ventral forebrain at E12.5, migrating to the entire dorsal and ventral telencephalon to populate the cerebral cortex by E16. 16 The second wave of OPC is generated from Gsx2(+) areas, such as the lateral and/or caudal ganglionic eminences around E15.5. 16 The final wave of OPC arises from Emx1(+) cells in the dorsal ventricular zone at the perinatal stage. 16 These populations of OPC are functionally redundant, as the deletion of one population did not affect the brain development because of the complement of OL and myelin by other populations. 16 The MGE-and anterior entopeduncular area-derived first population of OPC disappear during postnatal life. 16 After birth, the number of OPC remarkably decreases, but OPC persist in the postnatal CNS, representing the most proliferative and migratory cell type with constant surveillance capacity in the adult brain. 17 Neuronal activity regulates OPC behavior Some OPC are electrically active, with the expressions of numerous ion channels (such as voltage-gated Na + , K + , Ca 2+ , Cl À channels) and neurotransmitter receptors (such as glutamate receptors, gamma-aminobutyric acid receptors and purinergic receptors). 9 OPC can form synapses with axons, and monitor the firing pattern of surrounding neurons directly. 18, 19 Neurogenesis precedes gliogenesis during the developmental stage, and neuronal activity has been shown to regulate OPC behavior (i.e., proliferation, migration and differentiation). After the first postnatal week, NG2(+) OPC received synaptic input from neurons, and subsequently, OPC start to differentiate. This response is rapidly lost as OPC differentiate into mature OL with downregulation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/N-methyl-D-aspartate (NMDA) receptors and voltage-gated Na + channels. 20 As there is significant variation in the physiological properties of OPC among different regions and different developmental timepoints, the response of OPC to neuronal activity varies. 20 It has been reported that there are a distinct population of excitable and non-excitable OPC, with only the first group receiving synaptic input. 21 
OPC migration in relation to vascular cells
After the emergence of OPC, the cells need to migrate over long distances from the sites of origin to their specific target in the multilayered brain tissue to become dispersed and positioned correctly during development. 22 The vascular network is established before OPC generation, and a recent live-imaging study showed that OPC migrate along blood vessels, and occasionally jump from one vessel to another. 23 OPC migration is disrupted in mice with defective vascular architecture, suggesting that cerebral vasculature is required for long-distance traveling of OPC, serving as a scaffold and substrate for migration. Wnt-induced activation of the receptor CXCR4 in OPC mediates their attraction to the endothelium through the endothelial-expressed SDF-1 (CXCL12) ligand. The increased CXCR4 expression in OPC during embryonic developmental migration is downregulated along with Wnt pathway downregulation, as OPC differentiate into mature OL. The decreased SDF-1/CXCR4 signaling leads to a diminished migratory ability of OPC, detachment from the endothelium and subsequent OPC differentiation in the developing CNS.
Various factors (including cell-intrinsic mechanisms and extracellular milieu) other than Wnt-SDF-1/ CXCR4 signaling might mediate OPC migration. Among vascular cells, pericytes also could regulate OPC migration. Recent research has shown that transforming growth factor (TGF)-b family proteins (such as TGFb1, BMP4 or BMP7) produced by the pericytes and meninges during the embryonic stage contribute to the regulation of OPC migration into the cortex. 24 Other chemoattractant (e.g. brain-derived neurotrophic factor, vascular endothelial growth factor (VEGF)) and chemorepulsive factors (e.g. semaphorins, ephrins) derived from vascular or glial cells might have some roles in OPC migration, but the detailed mechanisms warrant further investigation.
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Role of OPC in blood-brain barrier formation
The blood-brain barrier (BBB) is a unique property of brain blood vessels that displays specialized tight junctions and low rates of transcellular vesicular transport (transcytosis). [29] [30] [31] BBB tightly controls the CNS environment free of toxins and pathogens with the proper chemical composition for neural function. Classically, it was thought that the main cellular constituents of BBB are endothelial cells, astrocytes and pericytes. However, recent studies have shown that "perivascular" OPC are attached to cerebral endothelial cells through basal lamina observed by immuno-electron microscope, and might be a novel component of the BBB. 11, 12, 32 During embryogenesis, endothelial cells are first observed on the cortical surface at E11 in a caudal to rostral gradient. Pericytes are soon recruited to the endothelial cells to initiate BBB properties by E13. Astrocytes are recruited to maintain BBB function in the postnatal development stage. 33, 34 OPC are generated between the emergence of pericytes and astrocytes. Neonates of the OPC-specific TGF-b deficient mice show massive cerebral hemorrhage and loss of BBB function, suggesting OPC-derived TGF-b signaling is required for BBB formation at the developmental stage. An in vitro study also showed that the conditioned media from cultured OPC increase expressions of tight-junction proteins and decrease in vitro BBB permeability through the TGF-b receptor-mitogenactivated protein kinase/extracellular signal-regulated kinase signaling pathway. 12 Thus, although astrocytes and pericytes are well-known regulators of BBB function, these findings show that OPC also play an integral role in supporting BBB integrity (Fig. 2) . 12 
OPC regulate angiogenesis coupled with myelination
The myelin sheath is a multilayered system produced by OL that show modified and extended plasma membranes to multiple axons. The myelination of axons, the last major step in the evolution of cells in the vertebrate nervous system, is a highly fine-tuned process and requires extraordinary metabolic demands. 35, 36 A recent interesting study showed that developing OPC promote angiogenesis and coordinate the timing of postnatal myelination to provide adequate blood supply. 37 During the early postnatal period, robust CNS angiogenesis persists until postnatal day 10 in mice, which coincides with the onset of myelination in the corpus callosum. 38 Conversely, prolonged hypoxia during the perinatal period results in delayed and insufficient myelination. 39 OPC in the hypovascularized white matter during the perinatal period activate hypoxia-inducible factor (HIF) signaling and produce Wnt7a/7b, which can increase angiogenic activity, such as endothelial cell proliferation and tube formation. With increased oxygen delivery as a result of angiogenesis, HIF signaling and Wnt7a/7b activity becomes downregulated, which in turn leads to OPC maturation and myelination. 37 Thus, oxygen tension is closely coupled in developmental angiogenesis and subsequent myelination with preserved axonal integrity through a HIF-Wnt7a/7b-related signaling. The notion that OPC/OL might regulate angiogenic activity and BBB function is consistent with other recent studies. 40, 41 Roles of OPC in the normal and damaged adult brain OPC respond to most CNS damage, including demyelinating injury, with extensive proliferation, migration and morphological changes, showing an attempt at the regeneration of OPC/OL and myelin. However, it often fails, resulting in axons being disrupted and vulnerable to irreversible degeneration, leading to the accumulation of functional disability.
Post-mortem studies have shown that remyelination failure in chronic multiple sclerosis is associated with reduced recruitment and/or disturbed maturation of OPC. 42 Many of the positive regulators for remyelination are provided in the context of acute inflammation at the early stages of lesion formation, but diminished in the chronic inflammatory environment. [42] [43] [44] In contrast, early stage inhibitors of OPC differentiation, such as semaphoring 3A and Notch-jagged1 signaling, appear during phases of ongoing inflammation and can persist for extended periods.
Although positive and negative regulators for remyelination have been gradually revealed, the utility of the endogenous regenerative actions of OPC in the context of CNS repair is not fully understood. The damaged brain partially exhibits a reemergence of organizational patterns at the developmental stage, whereas "reactive" OPC might acquire new properties. [45] [46] [47] Hence, the elucidation of the similarities and differences between developing and regenerating OPC would give some essential insights for understanding efficient and inefficient restoration of OPC/OL and myelin after brain injury. Given that cell-cell interactions in the neurovascular unit orchestrated with cellular intrinsic mechanisms can stimulate or block the endogenous repairing systems in CNS diseases, the crosstalk between OPC and other cell types in the normal and damaged adult brain will be discussed.
Crosstalk between OPC and neurons
OPC behavior and myelination of individual axons is controlled by a number of extracellular mechanisms, including axonal surface ligands, secreted molecules and axonal activity, with OPC-neuron synapse close interactions. The processes of OPC differentiation and myelination is regulated by the expression of inhibitory or promoting cues for myelination on the surface of the axon. Many of the axonally expressed ligands, such as Jagged (which signals through Notch in OPC), polysialylated neural cell adhesion molecule and leucine-rich repeat and immunoglobulin domain-containing protein 1, inhibit either OPC differentiation or myelination. [46] [47] [48] By contrast, promyelination signals, such as laminin and neuregulin, can activate overlapping intracellular signaling pathways. 49 Furthermore, there is accumulating evidence that neuronal activity regulates OPC behavior and myelination by the electrical activity or exosomes secreted from OPC through NMDA and AMPA/kinate receptors. 50 There is a continuous myelin renewal in the adult human brain, and myelin has plasticity in response to changes in neuronal activity. 51 For instance, successful learning of juggling is associated with an increase in myelin integrity. 52 Animal models have also shown increases in myelination after manipulations such as environmental enrichment. A recent study showed that optogenetically-stimulated neuronal activity of the premotor cortex promotes OPC proliferation within 3 h, subsequently leading to OPC differentiation and myelination with improved motor function. 53 Under pathological conditions, demyelinated axons also form synaptic contacts with OPC, and neuronal activity regulates remyelination in a toxininduced rodent model. 54 Glutamatergic synaptic transmission between demyelinated axons and OPC might regulate remyelination through AMPA/kainate receptors. It is shown that AMPA/kainate antagonist (NBQX), as well as blocking of neuronal activity and axonal vesicular release, prevents OPC from differentiating into myelinating OL. 54 Paradoxically, a systemic administration of AMPA/kainate antagonist (NBQX) to experimental autoimmune encephalomyelitis mice was reported to increase OL survival and reduce the clinical severity, suggesting that glutamate excitotoxicity on OL and myelin could be also mediated by AMPA receptors. 55, 56 Similarly, excessive stimulation of NMDA receptors in OL might cause direct Ca 2+ -dependent damage, as it has been shown that NMDA receptor antagonists (memantine and amantadine) reduce the myelin disruption and functional disability in experimental autoimmune encephalomyelitis rats. 57 OL are also highly vulnerable to NMDA and AMPA/kainite receptor-mediated excitotoxicity after ischemic injury. [58] [59] [60] After stroke, NMDA signaling can play dual roles; that is, harmful and beneficial at different phases. NMDA signaling induces excitotoxicity if overactivated at the acute destructive phase, whereas it is necessary for delayed neuronal plasticity. 61 Cell-to-cell interaction is fundamentally bidirectional by nature. Although most previous research has focused on the signals from neurons/axons to OPC, emerging studies show that OPC could regulate the neuronal system. A recent study showed that activity-dependent ectodomain cleavage of NG2, a proteoglycan highly expressed by OPC, can modulate neuronal networks. 62 NG2 is processed by ADAM10 and c-secretase on OPC in a constitutive manner, and cleavage by ADAM10 releases the NG2 ectodomain into the extracellular matrix, where it modulates neuronal glutamate receptor currents and longterm synaptic plasticity. 62 A follow up study showed that OPC synthesize two known neuromodulatory factors, prostaglandin D2 synthase and neuronal pentraxin2 in a differentiation-dependent manner. 63 How OPC can modulate neuronal/axonal damage and remodeling after brain injury remains to be elucidated.
Crosstalk between OPC and vascular cells
Crosstalk between cerebral endothelial cells and OPC provide an "oligovascular" niche, wherein endothelial-derived trophic factors regulate OPC behavior. 64 The trophic support from endothelial cells to OPC might be attenuated under pathological conditions. 65 Furthermore, recent in vitro studies have shown that VEGF-A secreted from cerebral endothelial cells can promote the migration, but not the proliferation, of OPC. 66, 67 Because the endothelium in blood vessels surveys the entire brain, cerebral endothelial cells would play central roles in cell-cell signaling in the brain. The BBB constitutes an anatomical, physiochemical and biochemical barrier that controls the exchange of materials between the blood, brain and cerebrospinal fluid in the adult brain. Vascular integrity, specifically the permeability of the BBB, is an important mediator of brain damage. BBB breakdown is frequently associated with a myriad of neurological pathologies, including chronic CNS diseases. [68] [69] [70] As aforementioned, OPC attach to cerebral endothelial cells through basal lamina, and might be a novel component for the neurovascular unit, and the OPC-endothelium interaction could contribute to CNS function. OPC might support BBB integrity under normal conditions through TGF-b secretion, 12 but conversely, in the acute phase after ischemic injury, OPC might induce BBB leakage through matrix metalloproteinase-9 (MMP-9) secretion (Fig. 3) . 32 As aforementioned, there might be at least two distinct types of OPC in the brain: one is "perivascular" OPC that surround the microvessels, and the other one is "parenchymal" OPC that are located away from the microvessels. In connection with this, it has been shown that in the bone marrow, there are two types of nestin-positive cell subsets (nestin is a specific marker for neural stem/progenitor cells in the brain): "periarteriolar" and "reticular" nestinpositive cells. 71 "Periarteriolar" nestin-positive cells are observed exclusively along arterioles in both sternal and long-bone bone marrow, whereas "reticular" nestin-positive cells are largely associated with sinusoids. Comparison of the whole-genome transcriptome between these two cell subsets showed that "periarteriolar" nestin cells express more hematopoietic stem cell niche-related genes, and less DNA replication and cell cycle-related genes, suggesting that these distinct two cell subtypes control the fine-tuning balance between hematopoietic stem cell quiescence and proliferation. 71 We have not yet shown the functional differences between "perivascular" OPC and "parenchymal" OPC. Hence, further studies are warranted to clarify their different roles in regulating CNS function under normal and pathological conditions.
Pericytes are embedded within basal lamina, and localized at the abluminal side of the perivascular space in microvessels. The brain is one of the most vascularized organs, and pericytes in the brain and retina have a higher density compared with other organs. 69, 72, 73 Consistent with their higher density, pericytes play multiple roles in neurovascular function in the brain. 74 For example, pericytes regulate BBB integrity and microcirculation, 33, 34, 69, 75 promote neovascularization, 76 enhance clearance and phagocytosis of cellular debris or byproducts, 77, 78 modulate inflammation and the immune system, 79 and can be a source of pluripotent stem cells. 78 In addition, disruption of crosstalk between pericytes and other cell types by pericyte dysfunction could lead to various brain disorders including stroke, Alzheimer's disease and other neurodegenerative diseases. 73, 74, 80 Under certain conditions, pericytes show a stem cell-like property in differentiating into osteoblasts, chondrocytes, adipocytes and muscle cells, as well as neuroectodermal lineages. 81 In addition, pericytes would function as niche cells to make appropriate microenvironments for neighboring stem cells to regulate skin tissue regeneration 82 and hematopoiesis. 83 PDGFR-b (+) pericytes and PDGFR-a (+) OPC are in close apposition to each other in the perivascular region, and in vitro experiments show that OPC Figure 3 The dual effects of oligodendrocyte precursor cells (OPC) on blood-brain barrier (BBB) integrity. "Perivascular" OPC exert dual effects on BBB integrity. They might support BBB integrity under normal conditions (e.g. through transforming growth factor-b signaling), but in the acute phase after ischemic injury, OPC might induce BBB leakage (e.g. through MMP-9 secretion). might receive functional support from pericytes for their self-renewal and differentiation, whereas OPCderived factors increase the proliferation pericytes.
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The perivascular area provides a specific microenvironment (i.e. niche) that allows stem cells to retain their multilineage potential and self-renewal capacity. 81, 84 Cell-cell interaction between stem cells and niche or between precursor/progenitor cells appears crucial to stem cell renewal and differentiation. 85 For example, in the bone marrow, endothelial cells and perivascular components create a critical niche for hematopoietic stem cell maintenance through secretion of various factors. 71, 86 Also in the brain, neural stem/progenitor cells reside in the so-called perivascular niche for sustainable neurogenesis both in the developing and damaged brain. 87, 88 In addition, mesenchymal stem cells might reside in the perivascular area and show certain characteristics identical to a subclass of pericytes, presumably behaving as pericyte progenitor cells. 89, 90 Considering that tissue regeneration requires not only stem or progenitor cells, but also functional vascular systems, proper triangular interactions among pericytes, OPC and endothelium at the perivascular area would be crucial for maintaining CNS integrity (Fig. 4) . 84 Furthermore, multiple levels of interactions between this triangle and other cell types in the brain (including neural stem/progenitor cells, astrocytes and microglia), as well as circulating cells outside the brain, remain to be investigated. The elucidation of the clinical significance of such interactions in various CNS diseases and its medical application would be a very interesting research target in the future.
Crosstalk between OPC and other glial cells
Glial cells outnumber neurons in the human brain. Astrocytes and microglia are particularly important in the neurovascular unit. There are no CNS diseases that do not substantially involve these glial cells. "Reactive" astrocytes and microglia can be both detrimental and beneficial after brain injury. The active interplay between OPC and these glial cells plays critical roles in the brain development, damage and repair (please refer to the comprehensive reviews by Clemente et al., 91 Domingues et al. 92 and Maki et al. 93, 94 ).
Conclusion
Given the functional heterogeneity of OPC and their extensive functions in the developing and damaged brain beyond myelination, not only remyelination but the regeneration of "functional" OPC, which reestablish dynamic network with neuronal, glial and vascular systems, should be required for proper recovery of the neurovascular unit after brain injury. However, the phenotypic difference of OPC, which have a variety of roles, remains to be fully elucidated. A more in-depth and comprehensive understanding of diverse phenotypes of OPC could guide the design of more effective treatments for various type of CNS diseases besides demyelinating disorders.
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